1 r CAM pathways has been extensively documented (7) (8) (9) (10) . Phosphorylation of a specific serine residue embedded in a plant-invariant motif near the amino tenninus renders the isofoms up to 7-or 10-fold (C4, 11; CAM, 12) less sensitive to malate under physiological (but suboptimal) assay conditions. More recently, a similar type of regulatory phosphorylation of some non-photosynthetic isoforms of PEPC has also been reported. As examples, an early report (13)
showed that purified PEPC from tobacco leaves can be phosphorylated in vitro. Phosphorylation of wheat-leaf PEPC in vivo results in increased enzyme activity and decreased sensitivity of the enzyme to malate (14) . Similar results were obtained with PEPC from barley mesophyll protoplasts (1 5) and germinating wheat seeds (1 6). In addition, PEPC fiom nodules is phosphorylated in vitro (17, 18) and in vivo (19) , and the phosphorylation results in decreased sensitivity of the enzyme to malate (17, 19) . However, in other work (20, and references in 21), kinetics modifications indicating regulatory phosphorylation of C3-leaf PEPC were not demonstrated. A detailed explanation of the possible reasons for this apparent discrepancy can be found in (21) .
The possibility that the kinetics properties of guard-cell PEPC are altered by reversible posttranslational modification has been the subject of many studies (cited in 2, and unpublished work cited in 10,ZO). However, only in our work (23) did a stomatal-opening Stimulus result in a lessening of malate inhibition at suboptimum pH and substrate concentration, the effect that is the kinetics correlate of phosphorylation of all the other isoforms of PEPC (7) . Molecular studies on the guard-cell protein indicate that it can be phosphorylated in vitro (24) and in vivo (24, and unpublished results cited in IO). However, phosphorylation either was not correlated with the f physiological state of the tissue (24) or the time course for phosphorylation was not coordinate with stomatal movements (IO).
I
In the present study, we obtained direct evidence that PEPC was phosphorylated in vivo when "isolated" guard cells were treated with fisicoccin (FC), which stimulates stomatal opening (25) . The phosphorylation was positively correlated with guard-cell malate content and with stomatal-aperture size. We also observed that abscisic acid (MA), which causes stomatal closure (26), suppressed FC effects on phosphorylation of guard-cell PEPC and on malate accumulation.
To our knowledge, this is the first direct and unequivocal evidence of a regulatory posttranslational modification of a guard-cell protein that is specifically involved in stomatal movements.
MATERIALS AND METHODS
Guard cells were "isolated" from abaxial epidermes of hlly expanded leaflets of 21-day-old Vicia faba L. cv. Longpod plants, which were cultured essentially as described (5). Epidermal peels were detached at 3 hours into the dark period, when stomata were closed. The peels were brushed in distilled water to remove mesophyll contamination; then, the peels were cut into 0.25-cmz squares and stored, 25 each, in scintillation vials that contained incubation buffer (1 0 mL 10 mM MES-KOH, pH 6.1,O. 1 mM CaS04). Throughout, the incubation-buffer solutions containing the peels were swirled fiequently to avoid anoxia. As a means of destroying cells other than guard cells, the peels were sonicated (3 x 3 s, Cavitator (Mettler Electronics Corp.), cf.. 27). M e r they were rinsed, the peels, 50 each, were transferred to 4 mL incubation buffer in 5-mL filter units. (Filter units facilitated solution transfer; each was made &om the outlet end of a syringe barrel, which was fitted with a nylon-mesh disk.) During a subsequent 1-h acclimation period, peels were screened for guard-cell viability (using the criteria of chloroplast integrity and of neutral-red uptake) and for contamination. The peels in any filter unit that contained viability < 90 % or contamination (cell basis) > 0.5 % were discarded. Altogether, preparation of isolated guard cells required 4 h and was conducted in darkness or in weak green light as were the treatments described in the following sections.
Two parallel treatments with complementary aims were conducted. In one treatment (for assay of 32P-PEPC), the incubation buffer was replaced by 1.5 mL fesh incubation buffer that included 14 nM 32Pi (300 TBq-mol-'). Pre-incubation to load the cells with 32Pj was for 1 h.
The other treatment (for assay of malate) was identical except that non-radioactive Pi was substituted for 32Pi, and some peels were removed for aperture-size measurements and viability assessments at the end of treatments. For both treatments, at the end of the 1 -h pre-incubation period, the solutions containing the peels was altered to include 1 mM MgSO4 and, as indicated ( Fig. 1,2 For 32P-PEPC assays (Fig. Z ) , peels (12.5 cm2 per sample) were rinsed twice with 2 I& incubation buffer that included 1 mM MgSO4 and 14 nM Pi (non-radioactive), and, as appropriate, 5 pM FC. Then, the peels were frozen in liquid N2, freeze-dried, and PEPC was extracted at 4 "C in 250 pL extraction cocktail (100 mM Tris-HCI, pH 8.0, 10 m M EDTA-Na, 10 mM DTT, 50 mM NaF, 100 pM Na3V04,2 mM PMSF, 1 pg-mL-' butylated hydroxytoluene and 20 pg.mL' chymostatin). The extract was centrifbged for 10 min twice at 13,600g. PEPC was immunoprecipitated from 120 pL of supernatant by addition of 7 pL rabbit antiserum (prepared against maize PEPC, a gift of R Chollet (3 1)). After 1.5 h with vortexing every 15 min, 6 mg Protein A-Sepharose was added as a 12-pL aqueous mixture. Mer an additional 1.5 h with vortexing every 5 min, the imrnunocomplexed beads were pelleted (13,60Og, 2 min).
Then, the pellet was washed twice with 0.8 mL Tis-buffered saline (10 mM Tris-HC1, pH 8. conducted at room temperature, except as noted.) Air-dried blots were incubated for 2 h w i t h blocking buffer (5 % (w/v) nonfat dry milk in Tis-buffered saline). Then, the blots were incubated overnight with a 5,000~ dilution of polyclonal rabbit anti-make-PEPC serum made in blocking buffer. M e r they were rinsed with fresh blocking buffer for 20 min, the blots were incubated for 2 h with a 1,000~ dilution of Sigma (A-3687) alkaline-phosphatase-labeled goat anti-rabbit IgG made in blocking buffer. PEPC was detected by the NBT-BCIP substrate system. Dried blots were exposed to Kodak X-Omat film with an enhancing screen (Quanta Fast Detail, NEN) at -80 "C for 2 weeks to detect phosphorylated PEPC.
RESULTS AND DISCUSSION
Stomatal opening results from the accumulation of osmotica, prototypically K' salts, in guard cells. This accumulation is a result of activation of the universal H'-ATPase on the guard-cell plasmalemma. In guard cells of K faba, up to 3 pmol H ' per guard-cell pair (2) are extruded, hyperpolarizing the plasmalemma, during the accumulation of nominally 300 mM K' (1) . A mechanism to counter the resulting charge perturbation is the synthesis and accumulation of organic anions, predominantly malate, by the guard cells (33) . Two H ' V. faba guard-cell protoplasts, where malate accumulates at a rate of 9 finol.guard-cel1 pair-'*mid' (28). These data are consistent with: a) an activation guard-cell PEPC, the committed enzyme in malate synthesis, and b) coupling of PEPC activity and H ' extrusion, during stomatal opening. In the present study, we observed a 4-fold increase in I? faba guard-cell malate content (Fig. 1) (34,35) , we observed that ABA treatment suppressed malate accumulation in FC-stimulated guard cells (Fig. 1) . Incubation with ABA also caused a decrease of nominally 60% in malate content of unstimulated guard cells.
Consistent with the above findings
PEPC isoforms in Cf, C 4 and CAM mesophyll, and in nodules are regulated by reversible protein phosphorylation (7) . In order to determine whether guard-cell PEPC is also subject to posttranslational regulation, we examined the in vivo phosphorylation status of PEPC in guard cells treated with FC or ABA (Fig. 2) . Conspicuous phosphorylation of PEPC was observed i n guard cells treated with FC for 30 min; the phosphorylation increased steadily during the next 30 min of treatment. This increase in phosphorylation correlated well w i t h FC-stimulated malate accumulation (Fig. 1) . In contrast, PEPC was not phosphorylated in unstimulated guard cells, which also did not accumulate malate. Both malate content and phosphorylation status of PEPC IO were also correlated with stomatal aperture size (data not shown). These ABA, which inhibited malate accumulation (Fig. I) , also lessened phosphorylation of guardcell PEPC (Fig. 2 
K faba).
Second, enhanced phosphorylation of PEPC was observed (10) when labeled guard-cell protoplasts of C. contmunis were treated with light or FC for up to 3 h. However, the concomitant decrease in VmX, unaltered malate sensitivity of the enzyme, and lack of a temporal correlation between phosphorylation and stomatal opening precluded a definite conclusion of enzyme regulation by phosphorylation, as discussed by the authors (10). Third, PEPC ftom J ? faba epidermal peels is phosphorylated in vitro and PEPC from guard-cell protoplasts is phosphorylated in vivo (24 ) . The phosphorylation status of the enzyme was, however, not altered by either activating (light) or deactivating (dark) conditions, and the authors (24) hypothesized that they had demonstrated only a basal level of phosphorylation. Moreover, phosphoproteins from guard-cell protoplasts under stimulatory conditions do not include PEPC or a protein of requisite molecular mass (36,37). Contrary to the above findings (10, 24, 36,37 ), we demonstrated a significant decrease in malate sensitivity of PEPC from guard cells of opening stomata (23) as well as an increase in phosphorylation of PEPC when guard cells were treated with FC (Fig. 2) . The discrepancies between the results discussed above (10, 24, 36,37) and ours (23 and Fig. 1,2 ) cannot be readily explained, except on the basis of distinct experimental systems. For instance, the signal transduction pathway could be affected during protoplast isolation (24) or the change in phosphorylation status of guard-cell PEPC may not be apparent (36,37) when a crude extract of guard-cell phosphoproteins is used for gel electrophoresis @u and Outlaw, unpublished) .
Whereas it is clear that guard-cell PEPC is regulated by phosphorylation (23 and Fig. 1,2) , modulation of the enzyme by metabolites and cytosolic pH is also established (3-5) . Thus, inplanta regulation may be an integration of these mechanisms, as reported for C4-IeafPEPC (1 1,38,39) . Phosphorylation of sorghum-leaf (38) or maize-leaf(39) PEPC causes a 3-fold increase in K i (malate) of the enzyme. In presence of glc-6-P (4 mM), however, phosphorylation of the sorghum-leaf enzyme causes a 15-fold increase in the Ki (malate) (38) . Consistently, phosphorylation of a recombinant sorghum-leaf PEPC not only increases the K i (malate) by more than 6-fold but also decreases the K, (glc-6-P) by more than 4-fold (1 1 (Fig. 1) .
